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I. INTRODUCTION

Currently, the Army is restricted in the operation of two major
howitzer systems due to excessive levels of blast in the crew area. The
installation of medium caliber cannon on aircraft has produced concern
as to the fatigue life of surfaces loaded by the blast pulse. Proving
grounds are forced to curtail operation when adverse atmospheric condi-
tions are present which permit blast focusing on populated areas. To
treat the problem of predicting and eventually reducing muzzle blast,
an understanding of the flow properties in the vicinity of the weapon
muzzle and its influence on the formation and propagation of the blast
wave must be developed.

A range of research has been performed to address different
aspects of the problem!-%. The blast from aircraft canron has been
studied experimentally by Mabey and Capps!. They conducted wind tunnel

1. D. G. Mabey and D. S. Capps, "Blast from Moving Guns," AIAA Jowrnal
of Aireraft, Vol. 14, 1977, pp 687-692.
2. J. Brdos and P. Del Guidtece, "Caloulation of Muzzle Blast Flow

Pields," ATAA J., Vol. 13, No. 8, August 1975, pp 1048-1056.

3. T. D. Taylor and T. C. Lin, "4 NMumerical Modsl for Muszazle Blast
Flow Fields," AIAA Paper No. 80-0273, January 1980.

4. J. Yagla, "Analysis of Gun Blaet Phenomema for Naval Architecture,
Bquipment, and Propellant Charge Design," 3d Imtermational
f;{myqaiwn on Balligtioas, Karlaruhe, Germany, Maroh 1977, ADPA,

asnington, D.C.

§. €. 8. Zoltani, "Numerical Stmulation of the Mussle Flow Pield with
a Moving Projectile," lst Intermational Sysposiwn on Ballistios,
Orlande, FL, Novembar 1974, ADPA, Washingtonm, D.C.

6. G. Morctti, "Muasle Blast Flow and Related Problams,™ AIA4 Paper
78-1190, July 1978.

7. G. Klingenberg, "Inmvestigation of Combustion Phenomena Aesociated
with the Flow of Hot Propellant Gases," Combustion and Flare,
Vol. 29, 1927, pp. 289-309.

8. P, Smith, "A Thecretical Model of the Blast from Stationary and
Moving Guns, " I8t Internatiomal Sympogiun on Ballistios,
Orlando, FL, November 1374, ADPA, Washimgtom, D.C.

9. M. Walther, “Gun Blast from Naval Guns,” TR 2733, Naval Weapons
Laboratory, Dahlgren, VA, August 1978. AD 903672I,
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tests over a range of Mach numbers from low subsonic through supersonic.
Firings of a 7.62mm riflc were made in the tunnel over a simulated air-
craft surface. The data from this program agree well with the scaling
laws developed by Smith8,

Erdos and DelGuidice? have developed a spherically symmetric
treatment of the muzzle flow which is valid along the axis of symmetry
of the gun tube. They assume that the core flow of the propellant gas
jet is determined by the predictions of a steady, method of character-
istics computation, They use a finite difference scheme to calculate
the propagation of the shock layer between the jet Mach disc and air
blast wave. The model agrees well with available data.

Taylor and Lin3, Yagla“, and Zoltani® apply shock capturing,
finite difference techniques to solve the axially symmetric problem.
Moretti® is developing a shock fitting methodology which holds promise
for the accurate definition of overpressure pulse far from the muzzle.
These codes have been used to account for the projectile, axially
symmetric muzzle devices, and, potentially, the precursor flow. A
prebiem faced by codes is the lack of experimental jata describing both
the muzzle blast field and the details of the weapon emptying conditions.

Klingenberg’ has conducted detailed experiments upon both small
and medium caliber guns to mecasure in-bore and propellant exhaust gas-
dynamics as it relates to muz:zle flash. Walther? has compiled blast
data on Naval weu?ons but does not present muzzle exit conditions.
schmidt and Shear!® address the details of the flow development around
a small caliber weapon, but give little information on the gun muzzle
nroperties during tube emptying.

Ti.¢ present report describes the results of a series of experi-
ments intended to define the gun tube emptying and muzzle blast flow
properties of a selected gun system. Firings of a 20mn cannon were
conducted to: first, determine the conditions at the muzzle during the
exhaust cycle; second, measure the development of the near muzzle plume
structure; third, obtain pressure data in the blast field outside of the
propellant gas jet; and finally, investipgate impingement of the muzzle
flow upon baffle surfaces similar to those in silencers or receil brakes.
Data were collected over g range of launch conditions in order to
identify important parameters which govern the strength of the muzzle
blast overpressure field. The experimental rgsults are compsred with
theory and used to develop a potentially useful scaling relation.

Catme e s

10. . M. Sekmidt and D. D. Shear, "Optical Meaawrcments of Muazle
Blast," AIAA /., Vol. 13, No. 8, August 1975, pp. 1086-1081.
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II. TEST APPARATUS

The weapon tested is a 20mm cannon having a barrel length of 1.52 m,
a chamber volume of 4.17 x 107> m3, and a twist of rifling of one turn in
25 calibres. The projectile is the MS55A2 training round weighing 0.098 kg

and having L/D = 3.75. The propellant is WC870 having the following
properties:

Tadiap, = 2577 K
e = specific energy
= 9,55 x 105 m2/52,
vy = 1.25,
R = 365.5 n%/s>K.

The propellant loading was varied from 3.56 g to 38.9 g to produce a
range in muzzle velocities from 260 m/s to 1000m/s. This provided for

a systematic variation in weapon exhaust properties and resultant muzzle
blast over a set of launch velocities similar to that of field artillery.

The exhaust properties of the propeilant gases were measured using
two types of pressure transducer arrangements. The first, Figure 1,
consisted of an array of six Kistler 603A piezoelectric transducers
placed in an adaptor attached to the muzzle. The transducers were
arranged along the btoreline at intervals of 1.27 cm beginning 1.27 cm
from the actual muzzle of the cannon. These measure the prsssure history
as the gun empties and are capable of determining the speed at which
the expansion wave propagates upstream from the exit of the adaptor
following shot ejection. From this wave speed, it is possible to
determine the speed of sound in the propellant gases and through a
proper equation of state, to compute the propellant gas temperature,
The details of the measurement and data reduction procedure have been
discussed previously!l. The second type of muzzle adaptor (Figure 2)
was simply intended to measure the pressura time history at the muzzle.
The device consisted of a 1.27 cm extension of the muzzle in which a
Kistler 603A transducer was mounted. In both cases, transducer output
was rocorded on Tektronix, Type 551, Dual-Beam Oscilloscopes.

The muzzle oxhaust flow is observed using a soequential spark
shadowgraph technique!? which permits the definition of discontinuity
trajoctories in space and time. The properties of the blast wave, once

11. E. M., Sokmidt, B. J. Giom, and D. D. Shear, "Acousiio Theimo-
metric Measurements of Propellant Gas Temperaturcs in Guna,”
AIM Jt’ Vola 15, NO. 2_. F‘z)’m 1977‘ yp. 232“238.

9.
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it passed from the field of view of the optics, were measured using
static or side-on pressure transducers!2?. These data were recorded

in a cylindrical coordinate system (Figure 3) The time scale is
defined as originating at zero when the base of the projectile crosses
the face of the muzzle. Since the obturating band on the projectile
is located 8 mm forward of the base, there is some leakage of pro-
pellant gases prior to the base clearance. The spark shadowgraph and
pressure data are acquired simultaneously on each round fired; thus,
it is possible to tie the two sets of data together by including the

signal from spark firing on the output traces of the pressure trans- v
ducers.

In another series of tests, a circular steel plate (Figure 4) was
positioned in the muzzle flow. The plate has a diameter of 457 mm, a
thickness of 31 mm, and a central hole of 24 mm to psrmit projectile
passage. The plate is instrumented with Kistler 603A and 201B piezo-
electric transducers. The flow field over the plate is observed using
the sequential spark shadowgraph technique. No blast field data was
taken during these tests. The plate was oriented both vertically to
generate an axially symmetric geometry and at a 50° angle to the axis
of the gun in order to generate a three dimensional geometry. When
inclined, the central hole had to be enlarged to 35 mm for projectile
passage. These tests were conducted at only one launch velocity.

ITI. GUN TUBE EMPTYING PROPERTIES

As mentioned in the introduction, previous surveys of weapon blast
fields gonerally neglect the dofinition of gun tube emptying conditions.
Since the exhausting propellant gases and their resultant expansion
drive the blast wave, this information is crucial to the performance of
rational analytical or numerical treatment of the flow. Through the
use of the two types of pressure transducer arrangemonts described in
the previous section, it was possible to measure the flow properties
imnediately behind the projectile just prior to shot ejection U and
to measure the pressure decay following shot ejection. While it would
be desirable to measure additional properties during emptying using

13, P. Weatine and F. Hoese, "Blast Gauge for Mgasuring Shooke with
Short kavelengths," IR-02-3643-01, Southwest Research Ingtitute,
San Antontio, TX, May 1970. AD 907403L.

10
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spectroscopic® or scattering!3’!* techniques, such data were either not

available or not completely developed for the 20mm cannon in question,
As an alternative, the full set of muzzle emptying properties are
developed by assuming an isentropic emptying process., Since the in-
bore combustion process does not occur at constant pressure, temper-
ature, or adiabatically, the assumption that the gases are evolved
isentropically is not correct; however, the decay of temperature and
velocity predicted should be qualitatively correct.

The exit conditions measured using acoustic thermometryll are
presented in Figure 5, Again these properties are those in the pro-
pellant gases at the muzzle just Lefore separation of the projectile.
The muzzle flow testing was conducted at five distinct loadings,
indicated by the data points in Figure 5a, The exit conditions are
summarized in the table below.

Table I, Measured Gun Tube Exit Conditions and Computed Sonic Exit
Conditions (Quantities in brackets are estimates based on
trends in measured data)., Measurements are the average of
three separate firings for each velocity.

mo@ |V, /sl T OO M py/p, |t s T (K pr/p,
3.6 280 1000 0.44 } 27 632 h?s 14
9.7 463 1000 0.69 | 63 §53 933 45
17.8 615 1085 0.86 {117 695 1052 101
25.9 775 1320 1.00 | 189 775 1320 189
38.9 1050 (1705) | (1.19){ 287 - - -

13, ¥, D, Williamg and H, M. Pewell, "Lasor-Raman Meapuraments in the
Mupale Blaat Region .f a 20-mm Cannon, ' ABDC~TR-78-72, Arnold
Engingaring Development Center, Tullahoma, TH, August 1980,

AD R088728,

14, W. M. Parear, et.al., "Laser Velooirstry Measurements of the
Chronologtoal Velooity at Salected Postlions in the Muzzle Blast
From 200m Cannon, ™ Undversity of Tenngssee Spacs Ingstitude,
Tullahoma, TH, Septermber 1979,

1
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From the measured temperature and launch velocity, the exit Mach number,
Me’ of the propellant gases was calculated. For the first three launch

velocities, the flow behind the projectile was subsonic; thus, a centered

expansion wave propagates back up the gun tube following shot ejection, see

Figure 6. The strength of this wave may be simply computed if it is

assumed that the process is one-dimensional. While this assumption is

not strictly correct in the region verv close to the muzzle {(Figure 7)

due to the presence of the projectile base, the flow becomes more nearly
one-dimensional as the projectile moves downrange allowing the sonic

line to close across the muzzle face and as the waves from around the -
annulus (between the projectile base and muzzle) converge and intersect

forming a nearly planar front. Using one-dimensional theory!®, the

tollowing relations may be determined: .

u

u*/a = ...2__. + 1:_1_ _e
e v+l Y+l a

)

y Y/
2 -1 )
'/p =z | 2 ¢ .Y__ .,,_S’_._
PPy y+1  y+l a

where sonic conditions are indicated by an asterisk. -

The importance of definition of the sonic exit conditions should
be clear since it is this '"internally expanded” flow which drives the
external expansion of the muzzle gases and associated air blast. For
this reason, these properties are inclwded in Table I. For the last
two launch velocities, 775 and 1050 m/s, the propellant gas was either
Just sonie or supersonic, Under the supersonic exit condition, no
waves propagate back upstream until the continued in-bore expansion
causes the muzile flow conditions to decay to sonic values. In this
case, any subsequent in-bore expansion wave is reflected back upstream
as an expansion; and, in this manner, sonic exit flow is maintained. ‘
fowever, no centered expansion wave is formed at shot ejection in
cither of these last two cases.

Acoustic thermometry has an extremely limited range of utility :
in the present application!!, namely, just a single dats point in time.
The subsequent emptying of the gun tube was recorded selely through the
use of a pressure transducer located as near to the muzle as possiblu.

15, A. d. Skapiro, The Dymamies awd Thermedynsmies of Compresgidle

-~ a

Fluid Plow, Romaid Press, New York, 1933. :
12
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The proximity to the muzzle is important in attempting to accurately
measure the pressure variation through the centered muzzle expansion.
If the transducer is located a significant distance (greater than 0.5-
1.0 calibres) from the exit plane, the continuing in-bore expansion
interacting with the centered wave make interpretation of the data
difficult. The pressure data is shown in Figure 8 for the five launch
velocities of interest. In the traces for the two lowest launch
velocities, the influence of the centered expansion is clearly shown,
but as launch velocity increases, its presence disappears. It is
interesting to compare the rates of pressure decay. For the low launch

velocities, the muzzle pressure decreases rather slowly after the initial
drop acsociated with passage of the muzzle expansion. On the other hand,

the muzzle pressure decay for high velocity launches is quite rapid.

As a result, all of the traces show similar levels of muzzle pressure
by about eight milliseconds. No attempt was made to measure the actual
time required for flow from the muzzle to cease, but these data seem
to indicate that it could be quite similar for all of the conditions
tested.

As noted, the remaining gasdynamic properties at the muzzle were
not measured; therefore, they are computed under the assumption that
the emptying process is isentropic, Since pressure is the measured
quantity and the initial temperature is known, the equations take the
following form:

y-1
*
™ =7, (&Y
i,
*__Y:_l_ "
T, =5 T
* = of %
u YRT

where asterisks refer to sonic conditions which are assumed to exist
at the muzzle throughout the emptying process. This applies to the
highest launch velocity, 1050 m/s, where the short period of super-
sonic exhaust is negiucted. For each of thc lounch conditions; the
temperature and velocity of the propellant gas as it passes the muzzle
exit is plotted (Figure 9).

Compacison of the decay of pressure (Figure 8) with the decays of
temperatu.-e and velocity of the exhaust flow shows that even when the
muzzle pressure drops to nearly atmospheric levels (at around 8 ms),
the temperature and velocity of the propellant gases are still quite
high. A high velocity in the gases could continuc the exhaust cycle
of the weapon in a manner which would generate sub-atmospheric
pressures in the tube. Recovery would then occur through the propaga-
tion of a shock wave into the gun tube. This in turn would reflect

13
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from the breech of the weapon and re-emerge from the muzzle. Such over-
expansion and shock recovery .5 observed in both theory and experiment!®
of spherical charges or pressurized container rupture. In these cases,
an inward facing shock forms in the expanding detonation products. The
shock first propagates outward, but reverses direction as the gases over-
expand. The shock travels to the origin of the spherical charge where
it reflects. The process can repeat a number of times until damped out
by viscous and therma! losses (Figure 10) In the case of the muzzle
exhaust flow, the inward facing shock is the Mach disc which forms in
the supersonic plure. As the exit pressure decays, the Mach disc moves
in toward the muzzle, Vhile the propagation of the wave into the gun
tube and its subsequent reflection was not observable, the occurrence of
flow reversals on the present muzzles pressure data*, and sequential
ventings can be observed in high speed motion pictures of cannon firings.

Another interesting feature of the temperature and velocity
variations (Figure 9) is the occurrence of an inflection point or "knee"
in the curves. For example, the knee occurs at roughly 4 ms in the
curve for Vp = 780 m/s. The knees is taken to represent the return of

the centered n: >z expansion foliowing propagation down the tube and
reflection from tne breech. Since the wave reflects as an expansion,
its arrival at the muzzle results in increased rate of property value
decay. With these data and approximations to define the venting of the
gun tube following shot ejection, it is now possible to better examine
the properties of the flow external to the weapon muzzle,

TV. BARE MUZZLE FLOW FIELD

The flow frow the muzzle of a gun consists of two impulsive jets, see
Figure 11. The first, or precursor flow, develops as the air in the
gun tube is forced out ahead of the accelerating projectile. The second,
or propellant gas flow, develops when these high pressure gases are
released following projectile separation. The muzzle pressures
associated with these two flows ave vastly different. For example, at
the lowest launch velocity tested, Vp = 280 m/s, the precursor muzzle

16. Principles of Explosive Behavior, AMCP 706-180, Army Materiel
Command, Washingtem, D, C., 1972,

*The lack of ability to measure the inward propagation of the recovery
shock is partially due to the use of rather insensitive transducers
required to measure and survive the peak musale pressure. To measure
the low preasure phenomena near the end of the emptying oycle, more
sensitive traneducers would be required.
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pressure is approximately 2.5 atmospheres (Figure 12) compared to a
propellant gas muzzle pressure of 27 atmospheres. For the highest |
launch velocity tested, Vp = 1050 m/s, the precursor muzzle pressure

is 15 atmospheres and the propellant gas muzzle pressure is 287 atmo-
spheres. The order of magnitude change in pressure at the muzzle "
following shot ejection results in a rapid expansion of the propellant

gases over the projectile and through the boundaries of the precursor

jet. However, the presence of the precursor flow does effect the

deveiopment of the propellant gas blast. Since the propellant gas ex-

pande intu a heiated, moving precursor flow, the initial conditions for

the formation of the blast are not those of an expansion into a static

ambient; raiher, both spatial and temporal variations in the ambient

are present. The precursor/propellant gas interactions can be observed :
thrcugh examination of the optical data. !

A series of spark shadowgraphs were taken to demonstrate the vari-
ation in structure of the precursor flow and in the nature of the pre-
cursovr/propellant gas interaction with launch velocity, Figures 13a -
13e. At the lower launch velocities, the precursor flow begins very
early in the launch process. This is due to the high propagation
velocity of the shock wave relative to the projectile velocity (note:
the acoustic speed is 335 m/s compared to the launch velocity of
280 m/s). At the lowest launch velocity (Figure 132) the precursor flow
exhausts at low pressure and the shock structure of a slightly under-
expanded jet is observed; however, downstream of the supersonic portion
of the flow, an extensive, subsonic, turbulent jet is seen. At the
time of shot ejection, the leading front of this turbulent jet is 14
calibres from the muzzle. When the propeliant gases expand behind the
projectile, 2 blast wave is formed in the undisturbed air external to
the precursor iet; however, along the axis, no density discontinuity is
observed., Apparently, the higher wave speed in the moving, heated
turbulent jet combined with the blocking effect of the projectile either
prevents the formation of the shock wave on axis or sufficiently
weakens it that it can not be observed with the optics employed in the
experiment,

Pt
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As the launch velocity is increased, greater compression occurs
in the precursor gases. This results in & shortening of the downrange
propagation of the flow prior to shot ejection. The increased exit
pressure of the precursor flow provides greater lateral speading of '
the jet and an enlarged supersonic core. The higher propellant gas
pressures develop a stronger blast and the shock wave is clearly seen
to develop along the axis; although a definite forward bulge is seen in
Figures 13b and ¢. At the highest Jaunch velocity tested, the inter-
action between the precursor and propellant gas flow changes from pre-
dominantly a long region of limited interaction along the axis of
symmetry to a shorter vegion of extensive interaction throughout the
flow. Literally, the whole front portion of the blast wave expeviences
significant distortion.
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The trajectories of the Mach disc, propellant gas/air contact
surface, and blast wave along the axis of symmetry have been measured
from the spark shadowgraphs (Figures 14a-l4e). In the lower velocity
casers, the blast wave was located by measuring the radial distance of
the spherical portion of the front from the muzzle. For the high
velocity cases, Figures 14d and 14e, this was not practical and the
blast wave position is the distance from the muzzie to the point on
the front nearest the axis of symmetry. The position of the contact
surface can not be accurately measured in the spark shadowgraphs due
to obscnration of the axis by intervening layers of turbulent,
opaque propellant gas in the higher velocity, lateral shear layers
of the jet.

Also shown on these figures are the predictions of the one-
dimensional analysis ~f Erdos and Dei Guidice?. For the low velocity
cases, the igre .nent between theory and experiment is geod; however,
for the higner velocities, the prediction is in error. The reason
for <his discrepancy is the failure of the model to account for
interactions between che precursor and propellant gas flows. As noted
above, thes? iuteractions wroduce forward bulges in the blast wave which
were removed from the low .2locity da*a during reduction, but of
necessity remain in the high velocity results. The disagreement in the
Mach disc trajectories reflccts the lower pressure level behind the
vlast wave in the actual intevacting case.

To further explore this behavier, the gun tube was sealed and a
vacuum was drawn in the air ahead of the projectile prior to the weapen
being fired. A cellophane diaphragm was placed across the muzzle and
an "O" ring was placed acound the projectile rorward of the rotating
band. This zrrangement permitted the g.n tube to be evacuated to
30 um Hg prior to firing znd effectively eliminated the precursor flow,
Figure 15. Only a weak shork propagates from the small amount of pre-
cursor gas ejected prior to projzctile exit. The propellant gases
rapidly expand thirough this precursor and form a cleurly undisturbed
blast. The trajectories of the hlas: wave and contact surface were
measured, Figurs 16; however, the Mar™ disc could net oe observed in
the photographs due o opacity of the exhaust flow. The agreement
between theory and the trajectories frol. the evacuated tube is greatly
improved over that previously obtained.

The influence of the precursor-propellant gas interaction on the
strength of the hlast wave was examined through pressure probing. A
stagnation pressure transducer was placed ¢umm from the muzzle along a
ray making a 40  angle to the axis of symmetry (Figure 15). Pressures
were measured for the evacuated and ambient tube (Figurce 17),

For the evacuated tube there is no measurable precursor blast.
The propellant gas blast arrives and reflects from the probe gener-
ating a peak pressure of 94 atmocpheres. The propellant gas jet then
impinges on the probe and a quasi-steady decay of pressure ensues as

16
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the gun tube empties. In the case of the ambient tube, the pre-

cursor blast is clearly seen. The peak pressure behind the propellant
gas blast reaches a value of 57 atmospheres prior to arrival of the
propellant gas jet. The comparison of the two peak (94 versus 57
atmospheres) clearly shows that the presence of the precursor flow pro-
vides a higher velocity, higher temperature medium within which the
blast wave strength does not reach "undisturbed" or evacuated tube
values. The theoretical prediction? for the reflected shock over-
pressure is 74.8 atmospheres. While higher than the measured value

for the ambient tube, this pressure is lower than measured for the case
with a pitot probe in front of the evacuated tube.

While it is not clear what effect the precursor/propellant gas
interaction has upon far field blast, it will have a significant
influence on near muzzle gasdynamics and in particular upon muzzle
device flows. The peak loadings upon a muzzle brake are due to
impingement and reflection of the propellant gas blast!7; thus, a
computation of this phenomena which treats only the propellant gas

iast would overpredict pressure levels. While this does provide a
built-in structural safety factor if design is based on such a code,
the existence of the interacting flows should be noted if quantitative
comparison between theory and experiment is attempted.

V. BLAST FIELD AND CORRELATION

The static pressure levels in the blast wave were measured for all
test conditions. Figures 18a-18e present contours of peak overpressure,
where

4p = (p - p,)/p,

As expected the pressure is greater at the same position in the field
for the higher launch velocity cases than for the lower velocities.

The geometric similarity in the overpressure contours for the five
launch velocities tested suggests that some scaling or correlation
parameter should be capable of unifying these results, Smith® intro-
duces a dimensional scaling parameter to account for variations in gun
barrel length (which alters the exit velocity), altitude, gun platform
velocity, and propellant. His correlation also accounts for azimuthal
variation of overpressure; however, the relationship has been used
only with a 7.62mm rifle pressure field. Westine!® proposes a scaling

1?. E. M. Schmidt, E. J. Gionm, and K. S. Fangler, "Measuvement of and
in the Mussle Blast of 20mm Cannom," 4th International Symposium
on Ballistics, Monterey, CA, ADPA, Washingtom, D.C., October 1978,

18. P. Westine, "The Blast Field About the Musale of Gunas," Shock
and Vibration Bulletin, Vol. 39, Part 6, March 1969, pp. 139-149,
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of the overpressure parameter at geometrically similar positions in the
blast field.

Essentially, Westine defines a non-dimensional parameter,

¢ = Ap DZL/W
where
D, L = gun tube diameter, length
2
W=E-nV/2
P P/

u

energy of propellant less the projectile
kinetic energy at launch

His scaling law states that at identically scaled locations in the blast
field (X/D, r/D) the value of the parameter, ¢, will be equal to that of
the standard weapon,

The strength of this correlation parameter may be examined by
attempting to scale the measured overpressures along the 90 radial
from the muzzle (Figure 19). These data have been collapsed using the
param.ter, ¢, and are compared with Westine's standard (Figure 20). The
full range of launch velocities is included in the spread of the symbol
representing the present data. Westine's parameter succeeds in col-
lapsing the relatively wide spread in the overpressure data shown in
Figure 19 into a more systematic presentation; however, the curve
representing the standard scaling law falls outside the spread.

An alternative form of scaling involves stretching the geometric
coordinates in accordance with the strength of the source. In the case
of a gun, the blast is driven by the expanding propellant gases which
themselves have a definite structure. The development of the Mach disc
is interesting to examine for use as a dimensional scaling parameter in
that it reflects the initial unsteady nature of the flow and the sub-
sequent quasi-steady decay of the supersonic jet structure as the gun
tube empties. The stabilized location of the Mach disc can be determined
from the spark shadowgraphs aund compared with the empirical relationship
for steady jetsi®:

- 1/2
X/D = 0.7 M, (ype/pw)

where Me is the exit Mach number of the flow behind the projectile and

19, C. H. Lewie and D. J. Carlson, "Normal Shock Locations in
Underexpanded Gas and Gas-Particle Jete," ATAA J., Vol. 3, No. 4,
April 1964, pp. 776-777,
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Pq is the exit pressure. The value of Me must always be greater than

one. For subsonic exit Mach numbers, the one-dimensional expansion to
sonic exit conditions must be computed. In which case,

X/D = 0.7 (yp*/p )2
For the muzzle jet of the 20mm cannon used in the current tests, the

Mach disc has been measured and is compared with the predictions of the |
above relationships using the tabulated exit properties:

TABLE II. Mach Disc Locations

Vp(m/s) 280 463 615 775 1050
X/Dcomp. 3.0 5.2 7.9 10.8 15.8
X/Dmeas. 2.6 5.6 8.0 10.8

The comparison of the predicted Mach disc location (using the correlation
and gun tube exit conditions from Table I) and measured values is good.

For the highest velocity case, data was not taken at times long enough 3
for the Mach disc to stabilize. . ]

Using the stabilized positions of the Mach disc from the above 4
table, the overpressure variations of the 20mm blast tests (Figure 19)
were scaled (Figure 21), The resulting correlation of the data is
seen to be reasonably good. However, the extent of the data in terms :
of pressure levels, positions in the blast field, and gun types does 3
not permit generalization of conclusions regarding the universal
applicability of this scaling parameter.

VI. PLATE SURFACE PRESSURE DATA

A. Vertical Platev,

In this series of tests, the plate was aligned perpendicular to
the axis of the gun (Figure 4) The launch velocity tested was 615 m/s,
Data was taken of the surface pressure on the plate at several axial
stations from 0.5 through 8.0 calibers from the muzzle. The first

*Some of these data have been reported previouslyl’; however, repetition
i8 made for the sake of completeneas.
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transducer is located 0.02 m (1 caliber) from the axis of symmetry

with the others set at 0.0l m intervals. The measured pressure traces
are all quite similar (Figure 22), Initially, there is a rapid increase
in pressure when the blast arrives at and is reflected from the plate.
The pressure level reached is the maximum in the emptying cycle. Expan-
sion of the blast causes the pressure to drop. The initial, highly
transient portion of the flow lasts for 50 - 100 us, until the pro-
pellant gases arrive and are deflected by the surface. Once the pro-
pellant gas jet impinges upon the surface, the pressure levels stabilize
and decay at relatively slow rate dependent upon the variation of muzzle
exit conditions during gun tube emptying.

The quasi-steady nature of the flow field within the jet core can
be demonstrated by using muzzle exit properties, which change in time,
as reference parameters to non-dimensionalize data acquired on the plate
surface. The pressure variation on the plate surface as a function of
time is shown in Figure 23. The plate is located 1.5 calibers from the
muzzle and the gauge station is 1.5 calibers off the line of fire. The
data are for three different launch velocities and include only pressure
values following the peak blast loading; i.e., plume impingement pressure
is shown. The variation in pressure with time is significant, particu-
larly with the data for the high velocity launch. If the pressure on
the plate surface is normalized by the muzzle exit pressure as measured C
at equivalent time (Figure 8) temporal variations in the resulting non-
dimensional pressure parameter, p/pm, are nearly eliminated, Figure 24.

In addition, the data from the three different launch velocities are
collapsed to a single value, p/pm = 0,068, This result is not un-

expected since the flow within the core of a supersonic jet (within

the bounding shock waves, Figure 11) has heen demonstrated?® to be

independent of boundary conditions other than those at the nozzle exit
; or origin of the plume. In addition, the only exit parameters needed

to uniquely define this core flow are the exit Mach number and ratio

of specific heats. The nozzle exit pressure ration, pe/pm, enters into

consideration only in the determination of the geometric extent of this
core flow.

LA =i

T R

20. P. Owen and C. Thornhill, "The Flow in an Axiaily Symmetrie
Supersonic Jet from a Nearly Somic Orifice into a Vacwwn,"
R 30/48, Royal Avmament Research and Development Establishment,
Kent, UK, 1948, AD 57 361. .
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The property distribution within the supersonic core of a jet
typical of a muzzle exhaust plume have been computed by the method of
characteristics?!. The centerline variations of some important param-
eters are presented in Figure 25 with the centerline variation of Mach
number being given below, Table III.

Table III. Centerline Variation of Mach Nugber for an Axially
Symmetric Jet (Me = 1.0, ee =0, vy =1.25, pe/pw = 500)

X/D M X/D M X/D M X/D M

0 1.0 1.5 3.09 4.5 4.88 8.0 6.02
0.2 1.15 2.0 3.44 5.0 5.08 9.0 6.30
0.4 1.42 2.5 3.89 5.5 5.26 10.4 6.68
0.6 1.83 3.0 4.18 6.0 5.42 12.6 7.35
0.8 2.20 3.5 4.44 6.5 5.57 13.9 7.72
1.0 Z.49 4.0 4.68 7.0 5.72 15.5 8.18

Based on the method of characteristics calculation, Newtonian
impact theory was used to estimate the pressure on the plate surface,
Figure 24. The theoretical value is somewhat low. This is in part
due to the fact that at x/D = 1,5, the centerline Mach number is only
3.09, a value which is not truly hypersonic as required for applica-
tion of Newtonian theory, i.e., Cp = 2 sin%8, However, similar

disagreement has been observed in comparing simple predictions with
measured impingement pressures of steady jets?2, In this case, the
failure to accuratcly model the standoff of the normal shock generated
in the plume ahead of the surface was determined to be the origin of the
discrepancy.

In the design of muzzle devices, two values of pressure are of
particular interest, the maximum and steady state values (Figure 26),
The maximum pressure sets the structural strength requirement of any
muzzle device, while the steady state valuc provides the momentur
exchango necded to reduce recoil. Both pressures show similar varistion

21. A, R. Viok, et al, "Comparigon of Experimental Free-Jet Boundaries
with Thaoretical Resulta Obtained with the Method of Characterie-
tice, " TN D-3387, NASA, June 1964,

23. C. D. Domaldson and R. S. Snedeker, "A Study of Free Jet Impinge-
ment, " Journal of Fluid Nechanics, Vol. 45, Part 2, 1971,
ppo 381-3190
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across the plate. At a given axial station, there is a rapid decay of
pressure in the direction of increased radius. In fact, at stations
X/D = 0.5, 1.0, 1.5, and 2.0, the steady state pressure drops to sub-
atmospheric values at extreme radial locations. Carling and Hunt?3
indicate that for supersonic jet impingement on flat surfaces without
central holes, the flow expands from subsonic conditions behind the
normal shock on the axis through a sonic line to supersonic velocities
near the outer edges. This produces overexpansion to pressure below
ambient and recovery occurs through a series of shock waves. In the
present data, overexpansion was ohserved; however, sufficient instru-
mentation was not available to observe the details of the recovery
process,

For practical application as a muzzle device, the outermost extent
of the transducers, r/D = 3.5, is beyond the limit of size and weight.
Yet, it is interesting to note the additional constraint imposed by the
basic flow, i.e.,, increased baffle radius can produce decreased effi-
ciency in recoil reduction due to overexpansion of the flow,

At X/D = 6.0 and 8.0, the maximum pressure profiles (Figure 26)
do not show monotonic decay across the plate. Apparently. this
behavior is caused by the bifurcation of the shock system (Figure 13c),
Near the axis, the forward protuberance reflects from the surface,

whereas at greater radii, the main blast. reflects generating the secondary
peak in pressure.

The pressure history at a given station may be estimated by using
the analysis of Erdos and Del Guidice? in conjunction with the method of
characteristics computation of the supersonic core?!, For the launch
conditions under consideration, the predictions of Erdos and Del Guidice, see
Figure l4c, are in reasonable agreement with the measured discontinuity
trajectoriss. For a given location of the plate, the relative geometry
between its surface and the spherical shock may be determined. The
peak pressure behind the shock is estimated using reflection coefficients
from nuclear blast research?*. The duration of the unsteady pulse can
be dotermined as the period between arrival of the blast and arrival of
the Mach disc, The steady state pressure may be estimated from the
method of characteristics computation of the supersonic core of the jet,
from the relative geometry, and from Newtonian theory. A simple linear

23. J. Carling and B. Hunt, "The Near Wall Jet of a Noxmally Impinging,
bl‘n;ﬁfom, Axisymmetrio, Supersonic Jat," JPM, Vol. 66, 1974, pp. 169~

24, 8. Glasstone (ed), The Effects of Nueclear Weapone, AEC,
Government Printing Office, Washingtom, D.C., 1976,
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extrapolation between the peak and steady state values, while accounting
for the pulse width, produces the prediction of Figure 27, While the
agreement between the estimate and measurement is good for the steady
state value, the peak is too high in the predicted case, As has been
previously discussed, this overprediction is due to the fact that the
theory does not treat the effects of precursor-propellant gas inter-
actions., Another problem lies with difficulties in obtaining a con-
verged starting solution using the Erdos model, The code uses a
starting algorithm which requires approximately two calibres of blast
wave travel prior to convergence; thus, with actual brakes having
baffles located closer to the muzzle than this distance, the reflection
approach used here would fail,

The steady state pressure levels across the plate surface for two
different axial stations are compared with the Newtonian approximation
in Figure 28, The agreement 1s qulte good, Similar results have been
reported by Eastman and RadtkeZ® in examining steady jet impingement on
surfaces, An obvious difficulty in directly applying this simple
calculation procedure to an actual weapon muzzle device such as a recoil
brake is the failure to account for attachment cowls., The present data
were acquired for a free jet impinging upon a plane baffle. For an
actual cannon, the baffle surfaces must be connected to the weapon in
some manner, The resulting attachment devices act as nozzles to
influence the development of the exhaust plume. The alternation of
the flow must be accounted for in atteumpting to design a muzzle device
for strength or efficiency,

B, Inclined Plate,

In a second series of tosts on the plate, its axis of symmetry was
inclined at an angle of 40°with respect to the gun tube axis. This
generates a three dimensional geometry in the flow over the plate
surface. These experiments were a simulation of the muzzle flow over
a compensator device, Tosts wore conducted at a launch velocity of
775 w/s.

The hole for the projectile passage required enlargement, thexeby
eliminating the first gage station at »/D = 1,0, Additional stations
were installed at six radial locations from r/D = 4,0 to 6.5. The
axial location of the plate was varied from X/D = 1.25 to 5.0. 1%he
surface was rotated about 1t, axis of symmetry to provide full azimuthal
coverage, from vV = 0° to 180° (Figure 3).

26, D. W, Eastman and L. P, Radtke, "Flow Field of an Exhaust Plune
Impinging on a Simulated Lwar Surface," AIAA J., Vol. 1, Ho. 6,
Jurne 1963, pp 1430-1431,
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The pressure-time histories on the plate surface are similar to
those obtained in the vertical plate tests, An initial peak is observed
corresponding to the arrival and reflection of the blast wave at the
plate surface, This is followed by a decay in piessure to the quasi-
steady plateau value corresponding to immersion of the plate in the
core of the exhaust plume, The maximum and the (quasi-) steady state
pressures are plotted in Figures 29 and 30 respectively, Each graph
contains a series of curves corresponding to a single axial station
but different azimuthal generators of the plate surface. The coordinate,
s, is the distance along the surface,

The distributions of maximum and steady state pressures are
similar. The highest pressure is recorded along the V¥ = 180° ray since
the angle of incidence of the flow passes through 90° surface is in
closest proximity to the weapon muzzle along the ray, The rapid decay
in pressure along rays is due to decreasing incidence angle and in-
creasing expansion of the flow off the axis of symmetry of the jet,
These effects are illustrated by observing contours of streamline
inclination angle, 6, and Mach number obtained from a method of charac-
teristics computation of a steady jet flow (Figure 31).

The properties obtained from the method of characteristics solution
may be used in conjunction with Newtonian theory to estimate the steady
state pressure distributions on the plate surface. This procedure is
discussed in Appendix A and the results of a sample computation ave
shown in Figure 32, To better illustrate the surfac - pressure distri-
butions, the data is plotted along rays from ¥ = 0° to 90° with both
positive and negative values of s/D used to indicate the upper and
lower half planes of the flow field, respectively. The agroement
between Newtonian theory and measurement is reasonable. Trends in the
data are clearly delincated. In all cases tested, with the exception
of data for X/D = 5.0, the highest pressures on the surface occurred
at values of s/D less than 1.5; i.e., at positions where no transducers
were located, For X/D = 5,0, however, the pcak moves onto the trans-
ducer array and can be observed in both sets of data (Figures 30 and
31) to occur near s/D = 3.0 in the lower half plane (¥ = 180°). The
migration of the peak is associated with the variation in flow properties
with stand-off from the muzzle. At large distances, the flow becomes
increasing more sphorically symmetric and, in the limiting case of a
plate having infinite extcnt with the flow expanding into a vacuum, the

peak would asymptote to the location of the surface noymal comnecting
the plate and the weapon wulzle,

The data for X/BD = 5.0 also shows multiple peaks and platcaus in
the maxiwum pressure distributions (Figure 30d). These may he associated
with bifurcations in the incident shock or formation of a Mach stea as
the shock incidence angle varies acress the plate surface.

e et A AR ——
e I T A TR AR S VA I U S e g
- - ik S . e e e

§ ate AT e R Il e NN e T

e,

PSR UUEUSOEP P PIP SR R




A Kt by e o

Tog e

R -
o i B

L s s, 2

VII. CONCLUSIONS

Experimental results are presented which define the muzzle exit
conditions, free field muzzle blast, and muzzle flow over obstacles
for a 20mm cannon, A range of weapon launch conditions are tested in
order to establish the changes in the blast field properties associated
with changes in exit conditions.

The experimental results show that the effect of precursor/
propellant gas interaction should be included if an exact representation
of the muzzle flow is desired. This is especially true at higher values
of exit pressure and velocity,

Comparison with simple models of the flow field produces reasonable
agreement between theory and experiment, The nature of the experimental
data makes it ideal for comparison against more exact treatment, e.g.,
two dimensional, unsteady.
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Figure 4. Photograph of Instrumented Plate
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Ficure 13. Upark shadowgraphs of muzzle exit fiows illustrating the
vartation in precursor/propellant gas interaction as muzzle
velocity increases

D e A A el N AU A b i e

Ja R T L T Y K T S MR S SN PRSI




v A IR R TR AT T T

X0 T,

YT

X

s el

o e yarn e g B 4V

.

Precurso:r Propellant gas
V= 615w/
c. Vy m/s
Precursor Propellant qas )
d. V= 775 m/s
p
Figure 13. Spark shadowgraphs of muz2le exit flows illustrating the
variation in precurscr/propellant gas interactions as muzzle
velocity increases
42

"

b e g S




+ et S <V P

- e o oy ¢ .t A e —, WY w0 T

Nustrating the
variation in precursor/propellant gas interactions as muzzle

velocity increases

i

Propellant gas

Pracursor

Figure 13. Spark shadowgraphs of muzzle exit flows

-
'
. g e S
- ~ > o ~TY 3 Pbpgc . o o o e 3 A Y
- PR3y .o B DA g bl Y -, . o T . . PR 5]
. - Faas - R €. 32 ..,\,mt_ (e T B e 45 Ly e R et
o N L. o . wp. g W T . a2 SR . , © A
-
I : e , . S




-
P \

ataniie g T SRR W Tt . . SIS S
wE ¥ R E RS st

- a iy e o W % . .

M ¥ T \ﬁxp.milm‘g?%% 3 a
. A LY TS AT e ‘.
ot oy B N 1. TR PR X & Sl 7 - |
e L ..'..1.\‘ vic s, rot g g o e AT +
B o
» .
.

i ‘
i
i

A33UAS JO SIXY Buoty S2140303L8d A3 1nUL3u0Is 4y s4nbij
L !

d, .
s/mwpgz = A CE

O
oY arx Sl Ol S

~ ) _

o

e ———'jns quod 0O

/o .
— . —.—- 8Ip YOW O (o o .
---gop 43703y} ‘SDIW

| — e o {4
,,

44

(o4 g,
s/WORZ = dp \ .

P
et TR 0

e
O
e
Y
e

——




Adzoumds ;o sixy Buoly sar.aordafea) A3Lnui3zuodsig ¢ a4nbiy

d
S/wegy = A g

asX
o¢ Gl Ol S 0

J | I !

—s018 o
—--s0 0O
——OW ©

w\Emw¢ = Q\/

o (sw) 4




Lazouwhs 40 sLXy buo|y Sot40329fed] A3LNULIUOISL] "4 @4nb1l4

s/wglg = 94 o

arsXx
G2 o¢ Gl Ol S 0

i [ _ L

SIS N PO AL GRRT RIS o T TR ]
TRV S TR AN

——isoig ¢
--——'¢D. O
——(JWN O

s/w gl9 =9A

<

/ \ (Swird

1030 Pk 35 . [ty PR RO PR

ST v ey

N A e ok TN T




e e e T e kI P SR s o et wm

_ Aazoufs jo sixy buoly mmtouumnmﬁ A3tnuijuosstq ‘¢l sanbird4
s/ G/l ="A P

02 asx g ol S 0

| . P

47

/ % — {8018
/ [,° N - ]
——Qan o (sw)4
/ - S/w WN.NNQ> - N.-




2k /,@ ﬁ§ Vp = 1050 w/s

J 6/ %6 o mp——-
o)

" o g CS.--~---
.{; D&BQ O Blast

S i0 15 X/D 20

e, Vp = 1050 m/s

Figure 14. Discontinuity Trajectories Along Axis of Symmetry
48

B s S e e ek
Pt




e NP -t s ——

O R MY ARG GF D WIGEA DN U S A e

S/ul 050l = Q> ‘suoL3oedajul seyn

jusLquy butuedwo) sydeubmopeys yaeds ‘Gl 3unbr4
aqnL ung (64 um 0€) pP23endea3 e

jue| |9doud/40Sundaud Bgn) ung pejendseAy pue
3gny uny jusiquy -q




" —— e
1]" i
H! »,
' sl =
! oy T Mo g g A S - S |

O CONT. SURF — - - / /i ¢ ‘
O BLAST '

0.2~ OPEN-EVACUATED TUBE / E ¢

/

CLOSED - AMBIENT
T (ms)

0.1
o) N
| , i2
| X/0

MR KB et B Kl g IS vy 355 T e e AT G s SR WS a2 e

Figure 16. Comparison of Discontinuity Trajectories for Ambient and
Evacuated Tube.vp « 1050 m/s

FATER AR AR e T e M AT R, e S fn

50




;@“ K| . x,
Y » T
H —
o |
g
P ;
i : EVACUATED TUBE !
e i
| - 80 I « Erdos & DelGuidice T
i. - Ap Prediction (&p = 75) ’
| L ! —
1 L. €0
| Pe
o [ 40 [T Wi
T | ) N\M"\
. 1 o W.\.\h
A = l‘A "‘n’b i
& | 20 T ' !
!
f 0 i

4 -2 0 2 4
t(ms)

e o - A g i 0 4 st

a. Evacuated Gun Tube

: ’ AMBIENT TUBE fn-propellant blast
50

30

ap

— 40 kww

— \"Mw%.
Ay

precursor 20

-4 -2 0 2 4
4 t(ms)

b. Ambient Gun Tube

Figure 17. Pitot Pressures Measured by a Probe 60mm from Muzzle
51




i
ERE SN
.,

-

£

e e e o —— e

! . D—— _— . .
P e e et e a o ot A R kL R M I A T §§§

317ZNW uUodedp PuPCJUR SUNOIUC) BunssaudusAQ %eed 40 saniep (Uo-3pLs <=, 2313¥3S  “gi 34nbyy

s/w 08 = a> e

G¢e oce 0] 0o Oi- 0z-

-0¢

¢00 —_ ] a/m

52.

Y
CE I
[RR——
- KR S

e oo

- L A
Y Y X v
. -t
. @ R o TS .
- T e - e, S ER . o o . . .
-5 " - o L P - =
A LR M




———e

3|zzny UodeaM puNDAR SUNOJUCY) B4MSS3AdUDAQ 4B 40 SIN{RA (UU-BPLS 40) D43036

d

s/wegh = A °Q

)

Ot-

-—
-
oy
-y
-
-

\N

/

A0Z

1074

€00

02c-
-

‘gL 2anbry

.
T s TR TS JW%:J!I;I ROy T
p
S ey RGN g Gt B o Lo y ” Ly
SR RSP N " Y W e ‘. ; 2 e,
wels Sy D0 T e A0 T i . e DI - - ) . W? . ~r

C i et

o o

-4

s ALatn b e st ot Ut 3




£ -.L. @H:z JJ ..(.m.vU. HL:...QM.«%L.;#:\...# w2, ....‘mm'«.urg.ﬂa. m»ﬁ..vﬂi.w%ﬂ.

91ZZNW UOdEAM PUNOLR SUNOJUD) BunsSaUdUBAQ R34 4O San|ep (UO-3PLS 40) 343R3%

d
S/wgl9 = A

ST WG RS et

A A N

"

SR

‘gl d4nby 4

O~
T

Ol
ﬂ.

A\

|

i0
0}
a/4

ob

Qa-
1

54

|

L0°0

L
-~
o - —= T T
s T L or e g kT WU e
f-tAEN S Lk : :
= . The S L ) T L LIRS - . -
. ) ka3 W P W om e o , T el « . - 4 o
bt} e R v fee . Sigp @ . . . o , )
N N B :
e 2, ‘l’l‘l‘l‘"‘llilli!l
w Nv' B . oot 5 e -




e e e e e K

T ey e FAVO I M AR

d|ZZNW UCUESM pUNLLE SUNOUOT BUNSSaUAUBAQ XBad 40 SOnep (UC-2PLS 40) S13e3S 81 24nBiy

_. . d
w m\.EmRu>.v

0 Gl- Ce-




et

I - it RPN

o N R 4 VT TSI RN+ = 1yt e e vn e ;

N

- O

R SR SR T 7

3(ZzNy uddeay punodR SANOIUOY IUNSSAUAUBAQ AR34 30 SINLRK (UC-BPIS 40) 21383 ~gf S4nbid

s/u Q%01 = a> e

Ot 0¢ Ol 0 Oi- 0¢c-

m-)

{ asa

\ S e B B o
LR Ry oAty o

—— n— Y oo
VAN ,ww.. ; S A Ve T e = @
H — — S e T e oy Ky AP LR I T
e T e e e - - -




» : R g
- I |
o e O Vp* 280 m/s 3
It Ap | 4 463 m/s 8
o 615 m/s i
4L > 775 m/s
v 1050 m/s \a\a 3
] .2 - \\\‘f ’
O 1 1 i 1 \ol\?
0 5 10 ] 20 25 30
S r/D
; Figure 19. Blast Overpressure versus Radial Distance along the 90° ,}
EM Radial to Muzzle §
_.?1.'7__" 4~
‘#4
xiQ
3 =’-
: § ‘\
-,
~—
| 2} §
O Present data § |
R | . —Scalng, Wastine
0O ks | Y. N i J
Ty 20 30
rsD
; Ficure 200 Sualed Blast Ovarpressure along the 90" Radial to Muzzle
1R 57

LIRS AR R OGO v An At
g R

LN
Foo. "




|
S e CERERT — ﬂ—”‘i

. ré .6- g OVp- 280 m/S ;
463 m/s

O
Ar b < 615 m/s
>
ae D 775 m/s
4

4L v 1050 m/s
& i wo
S >
2 D¢ ;
o

Figure 21. Overpressure along 90° Radial versus Distance Scaled by an

: ,' I
P i
0. '+ !
0\“:;"_ K
2 r ; .
r,). A {
vy ‘
° i
» {
" .
. ; .
K
i
R




e T
|
|

1 R _ 57 7 i
' p /D= 3.5
- of  — :
A ; 3, § PO SR S T T DU T | L i
' 5 P —JK/\‘ 3 Q 1 l’
P o} .
i S, 3 NS SN SIS S SN URY WA T SN N

_ i 5r - z

; g I ) 2.5

g |- O 7

B % S TS G T SN TN W S O B

lor 7

I P sk 20

" ol . §
! -3 [N I U TN NN DU N DR SO NN

{ - "

\ !
0} 1.5 A :'

i B P

, [ 5t - ;

1B

‘ OF "J .

: o -3 i L 0 4t 1 4o o4

- -

5k .
’ ﬁ 10 r/D0 =!.0 b
sk X/D=1.5 .
ok -
_,3 | I T N O SO WU NN VY W W
100 O 100 200 300 400
t (us)
Figure 22, Sﬁx}\gle ]Pr!esssure Pulses Measured on Vertical Plate at




20

B X/D =1.5, r/D=1.5 :
! : 1 8 — h

O Vp=615mss
o > Vo= 775 m/s

16} P
O Vp=1050m/s

141 O

R A STNNC X Sy

o o @ th e K0 L AL S A s S

o O

o
!
v
v
O

<
o

0 ' i | ! l } 1 | l
o 2 4 6 8 10 1z & 16

| "" t (ms)
‘ A_ ; Figure 23. Variation in Plate Surface Pressure with Time

i »

o s s ot S i 4

-

FRVARE 1t AN LIAC Ao S el
. 3 s

.
'S LR BN

U VoV S



e 1k AT £ i MLl bt b A=

e Tt bt S A ania s { 2T

PRIV RE S TS

IS §

RN

.08

Ry SN
YU %

18 ) s,
' Lol
e
{
1
9 ;
i .

=
=
.

NEWTONIAN THEORY

0 VP =615m/s
0 Vp =775m/s
D VP =1050m/s

| | | !

Figure 24.

7 ;_'»4;."’-,14:,}:\-%@‘4,44‘/",4. g S o
Gaiataiod e

t

variation in Ratio of Plate Surface Pressure to Gun Muzzle

8 1.0 1.2 1.8
{ms)

Pressure with Time, X/0 = 1.5, v/D = 1.5

61

oy Ty s Y LT

it g S L AR T ol S Y




D
- ‘&' . |
- - A -".-‘R"\')t{\’".":f oS 7 LU TN - I ’ .T__g
10
. M
] b
'_', & 1 .
; |
| ) £
B oL
i - !
i - é
L 1
- . Pe ~ §
+ Me=l.0 8g=0° y=125 5-'500
Qo 3
3
‘ 102
‘»" -qr
! 104 ;
e, I
. p N
1 -+
-4 , | 4 i '
t : [#) } - )
Nl 0 2 4 6 8 10 12 14
-~ E . X/D
! Figure 25. Property Distribution Along Jet Centerline B
, ,l__: ' 62 !
_%




e % P e, y— . . . By "
- e ey sl VY S f— , ex ey S e e s e v e T T

SUOL3R}S LeLXY SNOLJBA 3B 33B[d [BILIJIA UO SDUNSsdd 33e3S Apesis pue wnuixXey "9z aanbi4

! 0°2 =0a/x °p o'L=0/X "9
| m_ st 2 I o 9 oo
m //m/- LI T T o} om m 3 T
-0l . 4O
aa |
1 “¢-d
anssaud 31048 AppaicO 402
-102
anssasd oW O
02 =Q0/%
L -
. . -0
g°L = 0a/x °3
g/
€ 4 ! 0 . .
U!GII/D/T " ' ' ° S'0=8/x °®
0/@ vl
Q\h H o
3 °© /V i
“ = anssasxd aoys LpoaiS O
<
H amssaud 23035 APDRIS O aimssad TON O <o
{ 402 S0+ G/X
' H amssaxd xopy O
: Sl = /X - -
' ®a-d
. » <40¢
%s. '
!
i
i
FETI o - R A ‘ — —




.. ‘-‘ “ - 3.\\" “ b
i1 . T
- ,;
. I
i E i
| i
1 !
’ ! : 20r !
X/0s 40 f
li .___D‘P“ 3 O\\ !
i , o \é ; )
’1 o ot \K I 1
b o~ <§\ o
% : ) ~—o 0 3
X T ——o 0
'_: 0 i L 1 1 1 1 J %
A8 |
) ‘é ° r/D 3 %
8 | |
¥ e. X/D = 4.0 :
: - XD 6.0
. S O Mox. prassure
) | IO} OSteady state ,"%\0
. _‘ ) s ,I \o N
- P-P, H \§ §
- H ——D“ - -:g
g e
Mﬂ ¥
(o] l A 1 ) - 1 1 J E
° ' 2 o 3 3
2
f. X/D =6.0 |
" |
. i X/0+8.0 |
'OL % ,’%\\ y‘
/
- Q
) %_F'- \é// ° \é 1
- P~ . }
0
ot T g ;
0 . |
; |
g. X/D= 8.0 7
J Figure 26. Maximum and Steady State Pressures on Vertical Plate at
! Various Axial Stations |
l' 64 .
: Sy !
i N . |
o
N N -‘ 8 :
| E ' {‘ by
. 1 L i

o S i L g,
| AN



30

o | (P~Pu) / P | “
i X/D=4.0,r/D=1.0
. 20 - THEORY

[ ~=-0--EXPERIMENT

- 4 :
o I\ :

| o 1)

: ¥
1 ."
3 ! '):
1 b
_ !
L. M“-n.@_w'-“ $

b d
e - o o ——

-9

I | L l !
400 500

|

o
3
n
o
o
o
o
o

»

2 h Figure 27. Comparison of Measured Pressure Pulse with Prediction of
' A . Simple Model




— e

A40BY[ URLUCIMIY 30 SUOLIGILPAJd

SU} YILM 91B|d [RDLJUBA UD 3UNSS3Ud 3323S ApEIIS ;0 SIN[ep P34NSesy IO UOSLIedwo) gz 94nbL4
0'% = a/K ‘9 S 1= a/x e
©g/(®°d-d) ®d /NP - d)
3 9 174 2 (0. (9474 01 Q7 ]! C
I r N . r | T Y I 0o
2
-1
) -2
T o
AYOIHL— AHO3HL—
IN3IWINIIX3 O IN3IWIN3EX3 O € q
) a ~
&
C e gE TRELSR T TEIA, — - -
- . ,Y?.. x ) - b - B .e w\.mﬂf N - ) i . xw




)

g

Figure 29,

a
»

SR A SR S AN A g T

..
o
2 g
&
(73
o
-~4

S
a. Axial Location X/D = 1.27

f’-., "\ﬁ“(ﬂ R, g2 P e 15 NS, 5 0 -"‘u.«v,':r.-\-;',. aa
e B o e s Lo Lo iy

Maximum Surface Pressures Over Inclined Plate, Plate and
Gages Rotatad to Various Angles ¥ Abe:d Plate Horwmal

oy

3

R




58 7]

307

25 7]

207

15

18

Figure 23,

S0

b. Axial Location X/D = 2,50

Maxinum Surface Pressures Over Inclined Plate, Plate and
Gages Rotated to Various Angles ¥ About Plate formal

P

VAR 1 - oAy a2, S I e

VNG e 1 g

40 YR s

s e s

I RPN N YRR




327

Figure 29,

37D

Axial Location X/D = 3,75

Maximum Surface Pressures Over Inclined Plate.
Gages Rotated to Various Angles ¥ About Plate Normai

Plate and




A

P 2 ~ 20 -y ¥o= 00 == 0 I 4
ot i 45 -- X T
. P-P o= 90 -- + ;
.o . 0 1 8 -
: T 135 --+v |
¥ 16~ 180 -- = S
147
é; =

o e tapien !

\
—
=

2 2 B A BT

;|
3 - [

8D

5]
et
oo
p—
—
a——
Y A YO b K A N BT 5 IS i i e oo

S d. Axial Location X/D = 5.00

B _ : |
T . Figure 29, Maximum Surface Pressures Qver Inclined Plate, Plate and ’i
Y Gages Rotated to Various Angles ¥ About Plate Hormal i
; 1
.t 70
r
.. e PSRN Y0 507 U L B ST i £ L A rn et e L




-2 ! i I | ! |

S/D

a. Axfal Location X/D = },27

Figure 30. Steady State Surface Pressures Over Inclined Plate, Plate
and Gages Rotated to Varfous Angles v About Plate Horms)

71

Py ekl

3

sl b A R R e R Aas. i e ¢,

.:‘”‘r‘,' et e e s
B A S50 5

i
‘é‘é :
S H
A
B
3
3




IS S

A A
D

367
327

p-p_ 287

Figure 30,

Axial Location X/D = 2.50

Steady State Surface Pressures Over Inciined Plate.
and Gages Rotated to Various Angles ¥ About Plate tloymal

I et

CEENRPPIVINE FETRNN RORPNE Y Zgbtcr 7 SRR T PRI B DRSS S it

LT BT

N




[

e, B e H

127

45 -- X
0 --+
135 --+=
180 -- =

Figure 30,

c. Axial Location X/D = 3.75

Steady State Surface Pressures Over Inclined Plate, Plate
and Gages Rotated to Various Angles v About Plate Normal

R MPORE S

RPN

ENORD s S bt 1

ot e A ANEL

g

N
3
L
i
¥
3




e e

SO

{27

1o~ 5 --X

P-P

87 180 -- i

S7D

d. Axial Location X/D = 5,00

Figure 30. Steady State Surface Pressures gver Inclined Plate. Plate
and Gages Rotated to Various Angles v About Plate Hormal

74

P
ke es i

SR b L e S s e s T .
Rl A i

et o D




e T Ve ey
* JEE

= RET e o 3 2 R B L e
M
.m
|
_ Uol3leInNo|e) 390 "J°0°W WO4j sunojuo) Ajuedoudos] g Bunbid4
._ s9|buy uoLjeul |JU] 2ul{wessls e
i asx
oL 6 8 L 9 g b £ A 0
¥ v v v LI 4 v T L 2 v L4 v Y v | S v 0
0SS T 1 ¢
<
036 4 2z
obL A
4 ¢ -
! ) s~
i 03 8l 4
- A v
o0 €¢ 1
1 S
! 1 9
- N b
4
o
4 8
e R — ENI
- -t
e e — - T o T ’ ) o :.m




o3

© st & it

R
,
N
i
X
P
5y 1
3§
3
£~
?

i

T e e T R Y R R

o

X/D

Mach Number

b.

Isoproperty Contours from M.0.C. Jet Calculation

Figure 31.

[ L™ S

AT,

5 - VST

LAPE A e -




i

» N - o ;.. .. .- 4 ‘
R TN 2 P TP

I
A

X/0=2.5
) wl O°
O Max.

——Newtonian

~
=

¥
Py
3
Py
S8
el
ek
i
Ay
N
¥*:
]
-
b
o
[
i3
&
i
i_‘

h'iﬂ

20—

wbo
sle)
» 0O
s G SRR L e

o

* X/0 225
p w t45°
o0 i 0 2

0 O Steady
— Newtonian

0

b, v w 45
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APPENDIX A: CALCULATIGN OF PLATE SURFACE PRESSURE FROM NEWTON'S FORMULA
The Newtonian formula for the surface pressure coefficient is

= 2 si 26

cp = 2 sin”f,

where Oy is the angle between the flow streamline and the surface.
The surface pressure (corresponding to the measured steady state

pressure) is then

. 2 .2

{p - pi)/pg = yM", sin 8y

where the subscript & denotes local conditions, Rearrangement to
compare with the plotted overpressures results in

p-p
Ay o
Ei's TP T PRy (/e -
f 2 .2
= Lyﬁi sin” 8y + 1 {pi/pm) -1 (A-1)

The quantities entering into Equation {A-1) are obtained from the
free-jet code and the geomotry, as described in tho following sections,
The jet-code starting pervameters are Hj and pj/pa, the jet Mach

number and pressure ratio respeciively, i.e,, thu muzzle exit conditions.
The code outputs among other gquantities, the spatial contours of B,

the local flow inclination fwith respect to the bore line), and HE, the

local Mach number, Sample ouiput for Nj = 1,01, pj/pw = 180 are shown
in Figure 31,

The quantiey p./p_ is computed as
Piﬁ?m = {Ps‘.fpj(l) (Pj()/pj) (Pjipu) .

Using the isomtiopic relation,

Py -1 2,7/ 0eh
5—-= (1 - -!-—2-_“)
81.
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yields
Po |2s (v - 1M Pe

Substituting into Equation A-1 for the surface pressure ratio now gives

. 2 Y/ (v - 1)
A 2 - (y - DM

L= yMi sin2 eN + 1 %
Pe 2 - (v - 1M,

-1

(A-2)

%

The quantity GV, for the plate oriented normal to the bore line,
{

is given directly as the complement to the local flow angle el, as seen
in Figure Al. For the general case with inclined plate, an angle n may
be defined:

n = angle between a flow inclination vector Vv and the plate unit
normal n that is directed in the -x sense, and is depicted in Figure A2,
Then it is seen

ON s n - /2,

N \ . -> @ -+

The angle n is obtained through the relation v + n = |v| cos 3.
Finding n thus roquires spgcifying a flow inclination vecter, v,* the
plate unit normal vector, n, and performing the scolar product,

The plate unit roxmal for any rotation ¥ about n is fixed in
direction in the (r,x)-plane after inclining to Gp about the q-axis,
(See Figure A3). Thus n e (0, siw Gp, - 308 @p)

Ky ~* 2
The coordinates (vq, Ve v‘) of v may be determined from the
goometyy, Taquiring Vq and Vi to be coordinates of a gage location

on the .[nclined, rotated plate which the fleow is incident upon, and
requiring the distance vy along the bore line tn be consistont with

the local flow inclinatien 0, and the placement of the plate gages in
ok | ~ SN » Ind
the flow field, From Figure A2 we may road off the components of v:

-
¥ =2 (- & sin ¥, 5 cos¥ cos ep. X' + s cos¥ sin ap)

- - - t
*y {9 a veotor tengent fo the 7l velootty vector at the gauge etation
and conngeting the paouge end e axis of ayrmatny.
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where
s = gage coordinate along the plate surface measured

from bore axis, and x' must satisfy

x' + s cos¥ sin 0,

cos O, = 7T (A-3?
9 v
Then
VY - x" cos 8
cos n = X:f”D:—'= e (A=4)
[v] In} vl

One additional equation cogpletes the system of equations for the
three unknowns n, x', ard v :

V]

2 2 2
Vo4 v+ v
q T b

52 sinZW + 52 cosz? cos2 ep

l?]z cos” 6

4

utilizing the Vy coordinate as expre.sed in terms of the local flow
inclinaticn from the jet code cutput, Thus in terms of knowns:

1
|§|= (s/sin eg)(sinzw + coszw CU52 ep)é .

This result is combined with Equations A-3 and A-4 to give

sin 62 sin 6 cos 8_ cos ¥
cos n = B P - ¢cos 6 ,cos en (A-5)

2 i
(sinZW + cos Y cos? ep)’ .

There remains yet determining the appropriate 62 and M2 for a
particular gage station at given plate orientation x, ep, and ¥, The

jet code, as mentioned earlier, can be applied to an axially symmetric
flow, The procedure here was to place the line of gages in the
(inclined rotated) plate onto the contour plots of 0, and Mz given by

the jet .ode, at the chosen axial location of the plate, and at a
calculated angle I' with respect to the bore line. From Figure 3, the
angle T is seen to satisfy

cos ' = cosY sin ep
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- - 1 2 \.—_‘;,&.)
thus for a given plate orientation x, Op, and ¥, the gage line is i
iy A located for the contour maps and may be drawn in; then 62 and M2 i
N mav be read off for each gage location., A double interpolation scheme
IR - was necessary for some gage positions. Thus, all the quantities are i ;
ooh B in hand for calculating reflected pressures in the Newtonial formu- h
to lation, Equation A-2. ¢
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LIST OF SYMBOLS

nd

a speed of sound
Cp pressure coefficient p
4
D gun tube diameter
e specific energy
L gun tube length :
mC charge mass
M Mach number
p pressure
R gas constant o1 l
R r radial distance from bore line
A |
et T temperature |
~.: \
? u gas velocity 1
% Vp projectile launch velocity i
3 ;
X X axial distance from gun muzzle
Y ratio of specific heats &
' #
0 , E5
N angle between streamline and plate surface r
k4 azimuthal angle to gauge position on plate %
%
Superscripts B
K
* sonic conditions %
Subscripts g
0 ambient conditions }
e conditions behind projectile immediately prior to shot
ejection

[ stagnation conditions
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